Nonlinear phenomena of oscillating chemical systems have been the focus of much research in the area of theoretical and experimental chemical kinetics [1] [2] [3] [4] as well as analytical science [5] [6] [7] [8] in recent years. These systems are always complex and involve a large number of chemical species, which can be categorized as reactants, products and intermediates. The concentrations of reaction intermediates vary systematically over time. The similarities between the life processes that exhibit oscillatory behavior and chemical oscillating systems impel people to think the biological and abiological phenomena take place while conforming to the same law.
In the present work, we studied the new nonlinear kinetic characteristics of the MnSO4-KBrO3-diacetone-H2SO4 oscillating chemical reaction in a CSTR. The influences of the concentrations of the reactants, temperature, solution acidity and flow rate on the system were investigated. It was found that this system exhibits not only one simple state, but also bistability under some conditions, for example, the existence of two different periodic modes under the same set of external conditions. 11 The transient color, waveform, amplitude, period and potential of these two states were different. Electrode potential and rapid-scan spectrophotometric methods were used to monitor the change in the reaction intermediates. Based on the experimental phenomena and FKN theory, a possible reaction mechanism was proposed.
Experimental

Reagents
Reaction solutions of diacetone, MnSO4, and KBrO3 were prepared in 1.0 mol/L sulfuric acid. All chemicals used were of analytical reagent grade. Bidistilled water was used throughout.
Apparatus
The experimental set-up used to study the oscillating chemical reaction ( Fig. 1) included a 18 ml self-made glass continuousflow stirred tank reactor (CSTR), a magnetic stirrer (HJ-3, Hangzhou Electric Instrument, China), an X-Y recorder (3086, Yokogawa Hokushin Electric, Japan), a PH-3C precision potentiometer (Shanghai Rex Instrument Factory, Shanghai, China), a Model 941 rapid-scan UV/VIS spectrophotometer (Kontron, Zürich, Switzerland), a control computer, a thermostat (TB-85, Shimadzu, Japan) and a peristaltic pump (Masterflex, Cole-Parma Instrument, USA). The oscillating reaction in the CSTR was monitored by a platinum electrode and the reference electrode was a saturated calomel electrode. The CSTR and four tanks containing reagent solutions were fitted with a thermostated jacket connected to the thermostat. The flow of reagent solutions through the CSTR was driven by a peristaltic pump. Poly(vinyl chloride) pumping tubes and PTFE tubes (0.75 mm and 0.5 mm i. d.) for the manifold were also used.
Procedure
The temperature for the manifold was thermostated at 303 ± 967 ANALYTICAL SCIENCES SEPTEMBER 2000, VOL. 16 2000 © The Japan Society for Analytical Chemistry 0.2 K. A peristaltic pump delivered reactant streams of 0.08 mol/L MnSO4, 0.15 mol/L KBrO3 and 0.1 mol/L CH2(COCH3)2 and 1.0 mol/L H2SO4 into the CSTR at the same speed. The input and output volumes of the solution in the CSTR were kept at the same speed; the overall flow rate, equal to the summation of the four reactant streams, was k0 = 3.7 × 10 -3 s -1 . When the reactants mixed in the CSTR, the system began an oscillating reaction immediately. In our experiment, the oscillation could be maintained for at least 12 h. All experiments were taken under the above conditions, unless indicated otherwise.
Results and Discussion
The Mn(II)-catalyzed oxidation of diacetone by BrO3 -in a strong acid medium involves successive oscillation in the concentrations of the oxidized and reduced forms of the metal ions, which gave rise to the formation and subsequent disappearance of the intermediates that governed the rate of the process, and was responsible for the observed color changes.
Effect of acidity
The effect of the H2SO4 concentration on the oscillatory behavior is illustrated in Fig. 2 . It can be seen that the characteristics of the oscillating system depended greatly on the H2SO4 concentration. When the H2SO4 concentration was increased over the range 0.5 -5.0 mol/L, the oscillating period decreased strongly. At different concentrations of H2SO4, the color of the system took on different transitions, that is from yellow-green to colorless (A), from orange to colorless (C) and from pink to colorless (B), with 0.5 -2.0 mol/L, 2.0 -3.5 mol/L and 3.5 -5.0 mol/L H2SO4 respectively. These phenomena may be due to an increased generation rate of Mn(III), while that of Br2 decreased with the increasing of the H2SO4 concentration. A and B were two different oscillating states, and C was the compound state of A and B. Note that the upper end of the compound oscillation was very close to that of the pure A state, and the lower end of the compound oscillation was like the B state. It thus appeared that in the different steps of one oscillation period, the contribution of states A and B were different.
Temperature effects
Experiments on other oscillatory systems showed that the temperature might have a significant effect on the nonlinear kinetic behavior. A regular oscillatory pattern may become chaotic upon changing the temperature, 12 or oscillation may occur only within a narrow temperature range. 14 The effect of temperature on the Mn(II)-BrO3 --diacetone-H2SO4 oscillating chemical system was also tested in this work, and it was found that temperature has a strong influence on the oscillating system. An increase of temperature (T ) from 293 K to 313 K dramatically decreased the oscillating period (t). There was a linear relationship between ln(1/t) and 1/T, and the following equation was obtained:
(n = 7, r = 0.9990) (the unit of t is min). The figure of ln(1/t) against 1/T conforms to the Arrhenius linear relationship, ln(1/t) = -E/RT + C (E, apparent activity parameter). The potential and absorbance measured against time simultaneously indicated a synchronous change in frequency, though the oscillating amplitudes recorded by these two methods were absolutely different. The electrodes gave the overall potential of the system, and the photometer gave the absorbance change at 405 nm. Figure 3A shows the 3-D spectra of the absorbance change with different temperatures and time. At the same temperature, the absorbance changed periodically with the reaction time, and the higher was the temperature, the faster was the frequency change that could be obtained. This process can be seen clearly from Fig. 3B , the spectra change in one oscillating period at each temperature; it also showed that each period was a fastformed and slow-damped process. It can be seen that the change of the absorbance (A) with temperature (T) was a wellregulated process. When we plotted ln A versus 1/T, a straight line was obtained:
ln A = (9.7 ± 0.2) × 10 3 /T + (-31.8 ± 0.6) (n = 7, r = 0.9992). There is a good linear relationship between 1/T and ln A.
Effect of reactant concentrations
In the absence of MnSO4, no oscillation phenomenon was observed, and after a long period, the solution became a yellowgreen color. This indicated that the activated energy (Ea) of the reaction was high and the adding of Mn(II) can catalyze the reaction. The effect of the MnSO4 concentration was studied over the range from 0.018 to 0.225 mol/L. The oscillating period and amplitude were found to increase with increasing the Mn(II) concentration.
In the absence of KBrO3, no reaction was generated in the solution of MnSO4 and diacetone; the adding of KBrO3 resulted in an immediate change of the solution color into yellow-green. Raising the concentration of KBrO3 (0.1 -0.3 mol/L) caused the oscillating period to decrease without altering the oscillating amplitude. The concentration of KBrO3 below 0.05 mol/L was not sufficient to induce an oscillating reaction.
Lacking or inadequate diacetone made the solution of the system take on an orange color; no oscillating reaction took place and the potential was relatively high. Adding diacetone made the solution become a yellow-green color; in the mean time, potential of the system began to decrease and the system started to oscillate. As the concentration of diacetone increased from 0.025 mol/L to 0.25 mol/L, the oscillating period slowly increased while the amplitude showed a slight decrease and the yellow-green color of the intermediate became intense.
Effect of flow rate
The flow rate is closely related to the oscillating states of the reaction system. For example, consider the simple reaction scheme in a CSTR. 13 The rate equations in a CSTR are given by: , the system can exist in either state A or B. State A gave a periodic color change from yellow-green to colorless and state B gave a periodic color change from pink to colorless. At a high flow rate, we had the A state, and at a low flow rate the B state. The intermediate color, waveform and potential difference were very similar to the oscillatory A and B in Fig. 2 , which indicated that transitions between the states can be induced not only by changes in the flow rate, but also by changes in the solution acidity. Similar phenomena has been reported in other oscillating chemical systems. 11 The most noteworthy phenomenon was the appearance of state C, which was very essential in helping us to understand the mechanism of this oscillating system. The change of the intermediate color of state C in one period was pink → yellowgreen → orange → colorless, corresponding to four steps: I, II, III, and IV respectively. States B and C are different. The upper bottom of state B is sharper, while state C is flat. Because they are transition states from A to B.
The influence of other reagents
The presence of ethanol or hydrogen peroxide can inhibit, or even stop, the oscillation, which indicates that a free radical was generated in the process of the oscillating chemical reaction. 
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Adding Ag + or Hg + to the system both resulted in the same phenomena. This was because a stable AgBr precipitate or [HgBr4] 2+ was generated, which inhibited the process of the oscillating reaction. There was no doubt containing the kinetic control function of Br -in the reaction.
Spectral characteristics
A rapid-scan spectrophotometer was used to track the absorption spectra change of the oscillating chemical reaction. The wavelength of the maximum absorption of diacetone changed periodically from 266 nm to 275 nm with the reaction time. The absorption at 275 nm was assigned to the enol form of diacetone, 16 which indicated that diacetone existed in keto and enol forms.
The spectra of the reaction product after 15 h showed that there was an absorption band from 245 to 265 nm. In order to understand the formation reason of this absorption band, we extracted the product by chloroform and studied the absorption spectra using chloroform as the reference. The spectra showed that there were absorption peaks at around 204 nm and 295 nm, which were assigned to acetic acid and aldehyde. This indicated that diacetone was oxidized to acid and aldehyde in the end.
Mechanism Discussion
Based on the experimental phenomena, FKN theory and ϕ˚ of the species, a possible mechanism of the Mn(II)-BrO3 --diacetone-H2SO4 oscillating chemical reaction is proposed. The system might involve four important reaction courses corresponding to four parts (I, II, III and IV) in one oscillating period (Fig. 4) . Each of these reactions is virtually irreversible and comprises some elementary reactions.
(I) This is the start-up step of the catalyst, which mainly exhibits the characteristics of Mn(II). It involves two chemical equations, as follows:
The production of Mn(III) dominates the reaction in this course. The pink color may be caused by the coordination of Mn(III) with other ions.
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(II) It is the step in which Br -is expended greatly, and the production of Br2 dominates the reaction; therefore, the system appears to have a yellow-green color with Br2. This course comprises the following reactions: The overall reaction = (1)+(2)+(3)+2 (4) 3BrO3 -+5CH2(COCH3)2+2H2O2+3H + → BrCH(COCH3)2+2BrCH2COOH +4CH3COOH+2CH3CHO+ 2HCHO+2HCOOH+H2O
The oscillating curves under different conditions are the summation of the four main courses. Because a different course plays the dominant role under different conditions, the kinetic curve takes on different waveform and the intermediate takes on different colors.
